Geopolymers, also called inorganic polymers, are classified as synthetic aluminosilicate materials characterized by many interesting properties. This group of materials has gained a lot of attention in the past 10 years (measured by increasing number of publications) and raised high expectations concerning their applicability. Geopolymers are usually hard, mechanically resistant materials, therefore many attempts to substitute Portland cement in the construction industry have been taken [1] . Despite the huge number of publications devoted to this family and hundreds of new examples of these materials, researching them is still pioneering [2] . Attempts to systematize their structures and properties are just beginning to appear.
Metakaolinite is a relatively expensive raw material. Literature data [7] [8] [9] show that the zeolite structures can be synthesized not only in metakaolinite-based material. Actually, zeolites can be synthesized under hydrothermal conditions by heating many other aluminosilicate raw materials such as fly ash [10] or volcanic glasses in the presence of alkaline solutions [11] [12] . Resulting zeolites such Na-P1, X, A, and others have a high industrial application potential due to the high cation exchange capacity (CEC) values [10] . However, in laboratory conditions, zeolites can be obtained only by highlydisperse powder.
It is possible to obtain chabazite and sodalite in fly ashbased geopolymers (as monolith) and also zeolite X and zeolite 4A in geopolymers activated with weak alkaline solution and zeolite Na-P1 with a strong activator [7] . Interestingly, the disposal of secondary waste materials such as fly ash (a by-product of coal combustion) has become both an economic and an environmental issue. Fly ash could be utilized as substrate in geopolymerization, as in [8] , where geopolymers containing nanocrystalline zeolite phases such as Na-P1 and sodalite from fly ash and slag mixture or Ca-chabazite and faujasite were synthesized by a hydrothermal treatment at 90ºC without slag addition. Sodalite hydrothermally synthesized from alkali-activated coal fly ash was used for Pb 2+ cation adsorption [9] .
The above-mentioned literature indicates that alkaliactivation treatment of the aluminosilicate raw material such as coal fly ash can yield to bulk materials with different amounts and types of zeolite and different mechanical properties [13] [14] . The geopolymerization gives rise to amorphous or subcrystalline tectoaluminosilicates with structures similar to zeolites. Chemical and mineralogical similarity of geopolymers to natural zeolites [2] should provide very good resistance to high temperature and a chemically aggressive environment. It is assumed that resulting membranes, depending on their phase composition, could be used for the separation of small molecules such as CO 2 .
In our presented work, an attempt was made to synthesize the zeolite or the zeolite-like phase in the mineral matrix of alkaline-activated coal fly ash. In contrast to the procedures described in the related literature [7, 9] , the proposed process was conducted at relatively low temperature and autogenous pressure as well as without thermal pretreatment. Since the composition of fly ash is not suitable for this type of synthesis (too high Si/Al molar ratio), it was assumed that the zeolite phase, such as zeolite A, zeolite X, or hydroxysodalite, will be obtained by the addition of an aluminum source.
Experimental

Materials and Methods
Coal fly ash collected from electrostatic precipitators of a Polish power plant running on hard coal, was activated with alkaline of sodium hydroxide (NaOH; POCH) and sodium aluminate (NaAlO 2 , POCH) solutions. The geopolymer slurry was molded, sealed, and cured at 80ºC for 24 h. Finally, samples were dried at room temperature for 28 days. Compositions of prepared materials were collected in Table 1 .
The synthetic products were examined by x-ray fluorescence, x-ray diffraction (XRD), and Fourier transform infrared spectroscopy (FT-IR). The specific surface area, pore volume, microstructure (SEM), and compressive strength were also investigated.
Apparatus
Chemical composition of basic samples was determined using x-ray fluorescence. Spectra were detected with a wavelength-dispersive x-ray fluorescence spectrometer (WD-XRF) Axios mAX 4 kW (PANalytical) equipped with an Rh source. The PANalytical standardless analysis package Omnian was applied for quantitative analysis of the spectra. Particle size of initial coal fly ash was measured using a Mastersizer 2000 analyzer.
The alteration products were identified by means of a Philips x-ray powder diffraction X'Pert system (CuKα radiation, 40 kV, 30 mA). per sample, in the range of 5-90 (2θ) and step size was 0.008. HighScore software and International Centre for Diffraction Data (ICDD) identification cards were used for data interpretation. Morphology and crystal size were studied by an FEI Nova NanoSEM 200 scanning electron microscope. The samples were sprayed with graphite. An EDAX attachment was used for elemental analysis at selected points.
Low-temperature nitrogen sorption was performed in the Micromeritics ASAP 2000 device after 24 h of activation of the studied samples at 400ºC. The specific surface area and pore volume were determined using the BET method.
The existence of zeolite frameworks was confirmed by measurement on a Bruker VERTEX 70v vacuum FT-IR spectrometer using the standard KBr (Merck) pellets methods. The spectra were collected in 4,000-400 cm -1 range after 128 scans at 4 cm -1 resolution. Precise estimation of the number of bands and their intensity changes is possible after decomposition of the spectra into component bands. Spectra decomposition has been carried out using the Spectra-Calc (Galactic Industries Corp.) program. For all the spectra, the linear baseline correction has been carried out before the decomposition process. Based on the second derivative, the number of bands was estimated.
Compressive strength of prepared bars was measured with a device that works on the principle of a hydraulic press. Compressive strength is defined as the ratio of the sample breaking force F to the area A on which the force acts (R c = F/A). The apparent density was determined as the quotient of sample mass m and volume V (d = m/V).
Results and Discussion
Characteristics of Starting Material
Coal fly ash was collected from electrostatic precipitators of a Polish power plant in which hard coal combustion is realized at 1,350ºC. The majority of coal fly ash particles (about 60%) were <125 µm and about 18% were <45 µm; high reactivity can be expected for this particle size [15] . The bulk density was about 0.68 g/cm 3 . XRD analysis (Fig. 1) shows that aforementioned fly ash consisted of 64% aluminosilicate glassy phase, 25% mullite, 9% quartz, and 2% hematite and magnetite (estimated by the Rietveld refinement). The XRF results of analyzed ash (normalized to 100%) are presented in Table 2 . The Si/Al molar ratio is about 1.23. Fig. 2 presents the FT-IR spectra on initial fly ash. According to literature [16] Table 2 . Chemical compositions of initial coal fly ash and resulting geopolymeric samples (wt. %). 
The Results of Research and Discussion
In XRD patterns of the samples after alkaline activation (Fig. 3) correspond to crystalline phases of quartz and mullite as well as an amorphous halo around 29°, which is the result of the N-A-S-H gel formed during hydration. Although hydroxysodalite was identified in the secondary phase, from the point of view of chemical composition of N-A-S-H gel, zeolite A or X can be expected. The formation of sodalite and not zeolites can be explained thermodynamically by higher stability of the denser sodalite lattice. The addition of sodium aluminate (decrease in Si/Al ratio; series "B") promotes the formation of sodalite. Intensity of the peaks also increased with NaOH concentration. Fig. 4 demonstrates the change in fly ash after the geopolymerization process. The chemical composition of both starting material and geopolymerization products give rise to the presence of Si-O vibration in the spectral range 1,000-400 cm -1 . The most intensive band in this range can be attributed to bridging Si-O(Si, Al) vibrations, which shifts from about 998 cm -1 (for the sample series activated with NaOH; "A" series) to 990 cm -1 (for the samples with sodium aluminate addition; "B" series). Some authors [17] point out that such a shift is an indicator of an increased degree of cross-linking with reactive aluminum content. However, the appearance of the signal at a lower frequency is instead linked with the fact that Al-O bond is longer than Si-O and is characterized by smaller bond force constant [18] .
The IR spectrum envelop in this range consists of several component bands that can be clearly visible after the decomposition process (Fig. 5) . Bands appearing at the highest wavenumbers (at 1,144 cm -1 ) can be assigned to asymmetric stretching vibrations of bonds with bond order higher than one [19] . As mentioned, the main band at 1,056 cm -1 can be connected to internal Si-O(Si, Al) vibrations. Integral intensity of this band decreases with increasing sodium content in the reaction system. At the same time, the intensity of the band at about 900 cm -1 is increased, so this broad overlapping shoulder is probably due to stretching vibrations of terminal Si-O -bonds. This observation indicates that alkali metals work in such a system as the modifier, resulting in breaking the bridge bond.
The next band in this range of the spectrum, at 1,012 cm -1 , can be also assigned to the Si-O(Si) bond, however, its low full width at half maximum (FWHM) indicates its crystalline phase origin -in this case probably quartz, which did not participate in the reaction. The presence of the band at 965 cm -1 can be explained as both asymmetric stretching vibrations of Si-O(Al) bonds realized in the structures of sodalite and mullite [20] , or less likely as Al-OH stretching vibrations of aluminum in the octahedral position [21] .
An IR range of 800-500 cm -1 seems to be the most interesting from the point of view of zeolite phases. In this range the bands are observed due to vibrations of overtetrahedral units (so-called ring vibrations) [22] . Bands characteristic for sodalite structure (at 725, 702, and 663 cm -1 ) are in good agreement with related literature [23] .
The intense band with high FWHM at about 3,460 cm -1 can be assigned to stretching vibrations of O-H bonds. Corresponding bending vibrations are observed at about 1,655 cm -1 . This group of bands may be associated with water, which was bonded in an amorphous hydration reaction product, namely N-A-S-H gel, but also with zeolite water.
Vibrations giving groups of bands at about 1,450 cm -1 are connected with the presence of carbonate groups (C-O bond), as the reaction product of N-A-S-H and partially NaOH with atmospheric CO 2 . The carbonates groups are characterized by a doublet band at 1,449 and 1,410 cm Fig. 6 shows the SEM micrographs of the samples obtained in different conditions. Spherical particles of amorphous phase characteristic for coal fly ash are visible in Fig. 6a) . The reaction mechanism of fly ash with the alkaline solution, described inter alia by [25] [26] , involves dissolution of the amorphous phase and condensation of reaction products inside and outside the shell of the sphere. Not completely consumed fly ash particles with N-A-S-H gel on the surface are visible in Fig. 6b ). Alkali activation of fly ash with the use of a higher NaOH concentration (lower Al/Na molar ratio; Fig. 6c ) results in the formation of larger amounts of amorphous gel, forming the matrix for the residual almost-consumed ash particles. This observation agrees well with related literature [27] regarding increased dissolution of aluminosilicate starting material influencing geopolymerization and subsequently on mechanical properties (compressive strength) of hardened geopolymer (Fig. 7) .
As mentioned, many authors consider that the major band shift in the MIR spectra (Fig. 4) is caused by the increased polymerization degree. This thesis can be confirmed by SEM observations of the samples differing in Si/Al molar ratio -comparing Fig. 6c ) and 6d) it can be concluded that sodium aluminate addition increases the degree of conversion of fly ash and thus the amount of the reaction products.
Carbonation affects mechanical strength adversely [28] , therefore the fact of the strength reduction with the addition of sodium hydroxide (decrease of Al/Na ratio) in the case of "B" series should not surprise. At the same time, the amount of reaction products (as sodalite) crystallizing in the regular system increases (Fig. 3) and thus shows isometric crystal shape (Fig. 6d) , which can also adversely affect the strength parameters. The opposite trend shows the results obtained for the samples from "A" series. In this case the likely explanation is the increase of reaction products with the alkali activator concentration. It is worth noting that bulk densities of the resulting samples are quite similar and range from 1.30 to 1.45 g/cm 3 . The specific surface areas of the samples were determined by BET equation (but also by Langmuir equation not presented here) in the region of relative pressure of 0.06-2.00 of the adsorption isotherms. Selected derived data are presented in Fig. 8 , which illustrates the variation in specific surface area and pore volume with chemical composition of alkali-activated fly ash geopolymers. The value of surface area of resulting materials is in the range of 1.5-6.5 m 2 /g. The values of total surface area for pure zeolites are much higher and typically range between 500-800 m 2 /g [29] . This is due to the presence of a substantial amount of amorphous phase in the sample.
For each sample series, the specific surface area depends on the NaOH concentration (and precisely on the Al/Na molar ratio). The surface area values are the result of the degree of fly ash conversion or amorphous phase structure, as well as the presence of sodalite phase. The samples with the lowest Al/Na molar ratios are characterized by the highest surface area. This probably corresponds with the presence of some unreacted grain of fly ash, which can be observed during SEM observations (Fig. 6b) . The degree of conversion of the ash particle can be also confirmed by MIR spectra analysis (Fig. 5) . The decrease in surface area for the "3:2" samples reflects the crystallization of increasingly compact structures. Consequently, the greatest amount of sodalite is formed at the higher investigated NaOH concentration (in the "1:1" samples).
The measurements of the pore distribution, determined on the basis of the BJH equation, suggest that resulting materials are dominated by pores with a diameter of 10-200 nm. Their presence is the result of both intercrystalline pores and structural defects. The high pore volume must have a positive influence on the diffusion processes. The change trend in the mesopore volume is the same as in the case of surface area. It should also be noted that presented results ignore the impact of sodalite phase on the porosity of the material. The presence of zeolite structures cannot be analyzed using the nitrogen absorption method because it is not applicable in the study of micropores in this type of structure [30] .
Conclusions
Using a simple technique, it is possible to synthesize a composite of amorphous material characterized by sufficient compressive strength and crystalline phase with potential good sorption capacity. The change of the reaction system chemical compositions (Si/Al and Al/Na molar ratios) affects the nature and quantity of obtained crystalline phases. The results suggest the possibility of selecting the optimal composition of starting materials mixture for sodalite synthesis at a relatively low temperature. The presence of sodalite affects the structure, increasing the specific surface area and reducing the mechanical strength of the analyzed composites.
